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Abstract 
This article presents the results of an experiment that aimed to determine the effective thermal conductivity of the 
first 100 m³ vacuum-insulated hot water heat storage. For this, the store was filled with 82°C hot water. Thereafter, 
the temperature decrease was measured over 31 days. A U-value of 0.36 W/(m²·K) was calculated using the energy 
balance model of Raab [1]. This article also presents some pictures of the construction of the heat store. 
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1. Introduction 
Currently, conventional insulated small- and middle-sized thermal energy storage devices are not as 
good as they should be for long-term storage [2]. Therefore, different solutions for using vacuum 
insulations have been published. In addition to the theoretical interpretation of these concepts, 
experimental tests for generation of valid test data are needed. 
The Center of Applied Energy Research (ZAE) has been developing a double-wall storage tank with a 
volume of 16.4 m³. In this layout, a 20 cm air gap between two cylindrical steel tanks is filled with perlite 
under a pressure of 0.08 mbar [3]. The storage was loaded with 86.5°C hot water that leads to a cooling 
rate of 0.23 K/day over an interval of 10 days with a mean ambient temperature of -2.3°C [4]. Beikircher 
calculated an effective thermal conductivity of 9.2 mW/(K·m). Altenburger et. al. published an 
experimental setup comparing the thermal loses of three 675 L storage tanks [5] with different thermal 
insulations. The first tank is a steel tank with a polyurethane (PU) insulation, the second storage is a 
double-wall tank, and the third is a standard steel tank using radial Vacuum-Insulation-Panels (VIP). 
Experimental data has not been published till date. The research group, “Small Thermal long-term 
storage” of the Nuremberg Institute of Technology, has been developing a concept of a cylindrical 
concrete storage using plane VIPs [2, 6]. Theoretical analysis are leading to an overall U-value of 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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0.11 W/(K·m) by using a 5 cm VIP layer [7]. This article describes the construction of the 100 m³ pilot 
tank and the first experimental data to confirm the theoretical calculations.   
2. Method 
2.1. Construction of the 100 m³ pilot hot water storage 
To transfer the results of the theoretical analysis into experimental applications, a pilot tank with a 
volume of 100 m³ was built in Sengenthal, Germany. The heat storage consists of eight precast concrete 
elements with an outer radius and an inner octagon (see Fig. 1). The outer elements have been clamped 
with wires, so that the pressure of the water can be received. On the inside of the heat storage, VIPs have 
been attached. The elements consist of two 1-cm thick expanded polystyrene (EPS) layers, a 5-cm thick 
VIP core, and a stainless steel outer layer. While the elements were laid on the floor, the side elements 
were installed using anchors and the ceiling panels had to be secured with battens (see Fig. 2). An 
ethylene propylene diene monomer (EPDM) film sack is used to store the water. The loading of the 
storage is done via a charging system that is installed in the upper region of the hot water storage. 
 
    
Fig. 1 (a) Installation of the heat store with a mobile crane; (b) One of the eight precast concrete parts being installed (c) View of the 
interior of the storage 
    
Fig. 2 (a) Installation of side VIPs with anchors (b) Fasten the ceiling panels with battens 
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2.2. Measuring equipment of the pilot storage 
For the measurement of the vertical temperature stratification, 22 Pt100 temperature sensors were 
mounted in the loading system of the storage. Thus, the vertical temperature stratification can be 
measured as accurately as possible, because many sensors are needed. As a possible compromise between 
exact measured values and the costs necessary for the measurement equipment is the division into 20 
layers. In the storage base, the intermediate cover and in the side walls further Pt100 sensors are installed 
for measuring the temperatures. In addition, sensors are installed before and behind the VIPs to measure 
the horizontal temperature gradient caused by the insulation layer. Furthermore, humidity sensors are 
installed to determine the relative humidity within the insulation layer. 
The sensors T8 to T28 are mounted at a distance of 25 cm at the loading device. They are used to 
measure the vertical temperature stratification of the storage medium. With the help of the temperature 
sensors T3 and from T28 to T30, the temperature profile of the bottom insulation can be measured. 
Similarly, the horizontal temperature distribution of the tank wall can be detected with the sensors T0, T1 
and T2, T4, T5, and T31. The same applies to the vertical temperature profile in the intermediate cover, 
which is measured by the sensors T7 and T8. The moisture-detecting sensors F1 to F7, measures the 
relative humidity in the wall area (F1 to F4) and in the intermediate cover (F6 and F7). The built-in 
storage sensors are outlined in Fig. 3. 
 
 
Fig. 3. Schematic representation of the installed temperature sensors (purple) and the moisture sensors used (green) 
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2.3. Energy Accounting Method 
In research projects of the past few years, two methods for measuring external losses haven proven to 
be very practical [1]. On the one hand, heat flow meter boards are for direct measurement of the heat 
flow, and on the other hand, the accounting of energy flows inside the storage by measuring temperatures. 
In this research project, external losses were calculated with the accounting model of Raab. [1]. 
 
 
Fig. 4. Energy Accounting Method by Raab[1]. The external losses can be calculated by measuring different temperatures inside the 
storage. 
The first step is to divide the storage volume into several vertical segments. With the exception of the 
bottom and the top segment, the following energy flow balance can be set up as per Ochs [8] and Raab 
[1]: 
 , 1 , 1 , 0n n n n n n wall
dU Q Q Q
dt  
      (1.1) 
 
where U is the intrinsic energy, ሶܳ ௡ǡ௡ାଵ  is the heat flow from the upper segment, ሶܳ ௡ǡ௡ିଵ  is the heat 
flow from the lower segment, and ሶܳ ௡ǡ௪௔௟௟   is the heat through the wall of the storage. Once the required 
parameters can only be determined in finite time steps in the later experiment, Raab [1] proceeds to taking 
the arithmetic mean to a balancing of energies: 
 
 ,int , 1 , 1 , 0n n n n n n wallQ Q Q Q '       (1.2) 
 
thereby ௜ܳ௡௧  is the change in the thermal energy during the period τ. The thermal energy of a volume 
element with the height h, the cross-sectional area A, the density ρ, the specific heat capacity c, and the 
difference in temperature in the volume ௡ܶ and a reference temperature ஻ܶ can be calculated: 
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According to Raab [1], the heat flow from the upper volume segment (+) or to the lower volume 
segment (-), can be calculated with the thermal conductivity λ, the height of volume segments h, the 
cross-sectional area of a volume Segment A, and the temperature of the respective volume elements T: 
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During the period τ, transmitted energy into or out of the adjacent segments may be determined by 
arithmetic averaging: 
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The heat flow through the side walls of the storage can be calculated with: 
  , , ,n Wand W W w i w aQ U A - -        (1.6) 
 
with the heat transfer coefficient of the storage wall being U, the surface of the wall segment being AW, 
and the temperature difference between the inner and outer side of the wall. 
2.4. Theoretical U-Value from installation plan 
Contrary to the theoretical plans that laid the basic optimistic minimizing thermal bridges, additional 
safety margins were included in the pilot storage by the manufacturers. This results in the partial 
deviation of the insulating layer. To calculate the effective U-value of the actually installed insulation, a 
calculation model has been built with LabVIEW that can calculate the overall effective U-value on the 
basis of the blueprint. 
The program allows first to define the characteristics of the insulating elements used, in particular the 
thermal conductivities and thicknesses of the individual elements. The software offers the possibility of 
determining the different VIP precast means of said individual elements. Besides square elements, 
elements with a slope can be constructed. These precast elements are then assembled to a total area 
according to the blueprint. After the isolation area of the heat storage is defined, the software calculates 
the U-value of the storage. By specifying the connection losses, the effective U-value of the insulation 
layer can be concluded. 
With the help of the developed theoretical models, the U-value was determined according to the data 
in the blueprint as well as on-site measurements. The simulation was based on the following values: 
 
 
Table 1 Parameters of the simulation 
Material Thermal 
conductivity 
[W/m/K] 
Material 
thickness 
[m] 
VIP core 0.004 0.05 
EPS 0.035 0.01 
compritape 0.0429 0.003 
metalized foil 0.54 0.000097 
stainless steel 50 0.05 
batten 0.035 0.03 
VIP gap 0.0429 0.01 
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3. Results 
After completion of the pilot storage in Sengenthal, the unit was loaded on the loading device with a 
flow temperature of 82°C. The resulting stratification had temperatures between 74.22°C and 81.65°C. 
After standing for seven days, a series of measurements over 31 days was started. The temperatures of the 
volume segments (see Fig. 5) were recorded and stored by averaging over an interval of 15 min. The 
standard deviation of measurement was in the range of 0,027°C and 0,056°C. Figure 2 shows the 
temperatures in the top, middle, and bottom volume segment, the temperatures before and behind the 
insulation layer, and the ambient temperature. As expected, the temperature of all volume segments 
dropped continuously. Compared to ambient temperature, the temperature between the VIP and the 
concrete wall of the storage has less variation during the day and at a higher temperature level. 
 
Fig. 5 Temperature variation during the 3-day experimental period. As would be expected the temperature continuously falls in the 
upper (brown), middle (green), and lower (cyan) layer of the heat accumulator. The temperature behind the concrete wall (blue) 
dampened offset to the outside temperature (red). 
With equation (1.6), the derived energy account of the U-value was determined using a period of 31 
days. This was 0.36 W/(m²·K), well above the expected value. To verify this U-value, the sum of the 
energy contents of all the 20 segments was calculated at the beginning and end of the experiment, was 
subtracted from one another, and divided by the period. Subsequently, the thus determined energy loss is 
divided by the surface and the mean temperature of the storage during the test. This rough calculation 
leads to an U-value of 0.35 W/(m²·K). The theoretical U-Value of the pilot storage according to the 
blueprint was computed with an U-Value of 0.35 W/(m²·K). 
 
 
 
2396   Benjamin Fuchs and Klaus Hofbeck /  Energy Procedia  57 ( 2014 )  2390 – 2398 
4. Discussion 
The differences between the two calculations of the U-value based on the experimental data are 
sufficiently low. In addition, the simulation of the U-value on the basis of the blueprint is of the same 
order of range. The overall U-value includes the connection losses through the loading device. Poor 
insulation of those losses leads to a high U-Value (see Fig. 6b). By deducting the connection losses from 
the overall U-Value, the U-Value of the insulation layer can be calculated. According to the theoretical 
simulation, this leads to a U-Value of 0.20 W/(m²·K). This results in an effective thermal conductivity of 
the insulation layer of 0.012 W/(m·K).  
According to DIN EN ISO 6946 the superficial heat transfer coefficient of the boundary is determined 
by the convective and the radiative heat transfer coefficient. Where the convective heat transfer 
coefficient can be calculated with the wind speed: 
 
 4 4ch v       (1.7) 
 
and the radiative heat transfer coefficient is: 
 
 34r mh TH V        (1.8) 
 
The emissivity of the boundary (concrete) is about 0.92. The metrological conditions are shown in 
figure 6. With regard to the metrological boundary conditions, the estimated average heat transmission 
resistance is roughly calculated to 0.06 (m²·K)/W during the experiment. 
 
 
 
 
 
Fig. 6 Outside boundary conditions within the test period. The diagram shows the ambient temperature in Sengenthal and 
Nuremberg as far as the cloud coverage, humidity and wind speed in Nuremberg. Source: DWD German Weather Service 
While the design of the storage a theoretical optimum of 0.11 W/(m²·K) was calculated. This results a 
deviation of about 8 W/(m·K). Thus, the loss of the pilot storage is 67% higher than the theoretical 
optimum for this specific storage. The deviation between the measured and the theoretical losses are due 
to the fact that on the one hand, the measured overall U-value includes connecting losses and on the other 
hand the higher thermal losses are caused by constructive measures avoidable thermal bridges. 
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Although higher thermal bridges were planned according to the blueprint, it was during the 
construction of the storage tank the defects in the insulation happened (see Fig. 7). By optimizing the VIP 
component sizes, reducing the tolerances and EPS margins, an improved mounting design of the panels, 
and with 50-mm thick VIPs, a U-value of 0.13 W/(m²·K) can be achieved by theoretical calculations. 
That is, an effective thermal conductivity of 0.0078 W/(m·K). 
 
   
 
Fig. 7 (a) IR image of the not insulated connection tube. (c) IR image of the intermediate cover with clearly discernible thermal 
bridges 
The Center of Applied Energy Research determined for their storage an effective thermal conductivity 
of 0.092 W/(m·K) at an insulation thickness of 20 cm [4]. They predict that an effective thermal 
conductivity of 0.0073 W/(mK)  is reachable through optimization. This shows that the achievable 
insulation properties of the two concepts are of the same size class. 
 
1. Conclusion 
Using a 31-day experiment, the temperature decrease of the 100 m³ hot water heat store in Sengenthal 
was measured. From the measured temperatures, the effective U-value of the storage has been calculated 
using the energy balance method. The calculations showed a U-value of 0.36 W/(m²·K), which could be 
validated on a calculation of the energy differences. A simulation model on the basis of the blueprint 
estimated the effective U-value of the insulation layer as 0.20 W/(m²·K). Because of additional tolerances 
and defects in the insulation, this value is well above the target value 0.11 W/(m²·K). By tweaking its 
design and assembly technology, a U-value of 0.13 W/(m²·K) is achievable. 
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